Although many point out the advantages of thorium-fuelled ADSRs, some argue that the addition of an accelerator offers no benefits. We examine the arguments that have been made for ADSRs and find many of them lacking. However the dynamics of a thorium-fuelled reactor can produce large oscillations which cannot be mitigated using conventional control rods. We argue that the case for an accelerator is valid, though care has to be taken in the arguments used.
INTRODUCTION
Thorium is an alternative fuel for nuclear fission reactors. 232 Th, which is essentially the only isotope, can absorb a neutron to become fissile 233 U, just as 238 U becomes 239 Pu. Its advantages and disadvantages compared to the conventional uranium alternative have often been discussed [1] .
In summary the advantages are:
1. Proliferation resistance. There is no route through isotope enrichment. Fissile 233 U can be extracted from spent fuel, but only with great difficulty, due to the inevitable active by-product 232 U.
2. Abundance. The amount of thorium available is estimated to be four times that of uranium, and it is geographically widespread.
3. Reduced long-lived waste. The long-lived minor actinides, with half-lives in the range 1000-100,000 years, are produced in much smaller quantities, essentially because 232 Th has 6 fewer nucleons than 238 U, and the path to the relevant Np, Am and Cm isotopes requires more steps. The disadvantages are:
1. Proliferation resistance. The link between nuclear power and nuclear weapons in the 1950s and 60s led thorium to be neglected in favour of uranium/plutonium.
2. Lack of current knowledge, compared to the wide experience with uranium-based fission.
As 232
Th is not fissile, some other means must be found to seed the conversion to 233 U and start the process, such as a 'starter' of fissile 235 U or Pu.
REASONS ADVOCATED FOR ADSR SYSTEMS
Many proposals for using thorium do so as part of an Accelerator-Driven Reactor System (ADSR). The third disadvantage above suggests such a pairing, but this requires examination. The output of the reactor is reduced, as some 10% of the power is needed to run the accelerator. The extra capital and running costs are significant, to justify them they must be shown to be outweighed by the benefits. We examine the advantages put forward by various proponents. This has to be done critically and honestly, or those who advocate ADSRs will be accused of being merely over-enthusiastic accelerator designers.
Safety
Switching off the accelerator simply switches off the reactor. There is no danger that the reactor can go critical, as happened at Chernobyl. It is inherently safe.
Unfortunately this argument, when examined, is somewhat weak. Modern reactor designs have negative void and temperature coefficients, and are safe, even if the control rods are inadvertently withdrawn. The nuclear industry has learned the lesson of Chernobyl. The 'safety' feature of the ADSR is matched by all Gen IV designs.
Furthermore, switching off a reactor is not enough. At Fukishima Daiichi, three of the six reactors were switched off smoothly; the other three were already switched off. Heat production continued from fission fragment decays, and this will also happen in a thorium system. (In most proposed thorium systems this heat is dissipated in a liquid, which transports heat through convection without the need for externally powered pumps, avoiding the subsequent problems, but this is an entirely different design feature.)
It may be that it is politically more acceptable to have a 'big red switch ' which can switch off the reactor, but this is a poor justification for a heavy investment.
Neutrons for Breeding
A nuclear fission produces an average of n neutrons: the figure is about 2.5 but depends on the neutron energy and the nature of the target nucleus. n f of these cause further fission, n b are absorbed by a fertile nucleus to become a future fissile target, and n c are captured by absorption in control rods, cladding, moderator, unproductive reactions on fuel, absorption by fission products, or are lost externally.
A classical reactor design must ensure that n f =1 exactly, which gives considerable scope. A breeder reactor must also have n b =1; only n-2 neutrons may be absorbed or lost. The argument made in, for example, [2] , is that this is too restrictive and extra neutrons are needed from the spallation source.
Again, this logic is not robust. Partly because [2] strengthens the case by using a value of n = 2.3 for 233 U, although other sources [3] quote 2.44-2.55. But in general, ADSR designs operate with k eff in the range 0.95 to 0.98. Only 1 in 20 to 1 in 50 of the neutrons in the core are produced by spallation. For any such design it is implausible that it could not be modified to increase k eff to 1, particularly if the accelerator can be omitted. If a design really has a serious neutron deficit it will need a very powerful spallation source, more than the typical 10% of output, to provide enough neutrons to make the difference.
Transmutation of Minor Actinides through fast neutrons
The ratio of fission to absorption cross sections on minor actinide nuclei increases with neutron energy. Spallation neutrons have higher energies than those from fission, and their use ensures burn-up.
But specific simulation studies fail to confirm this broad argument [4] . Although there is certainly a big difference between cross section ratios for fast versus thermal neutrons, the increase upwards from 1 MeV is relatively modest. Furthermore one must, again, remember that only 2-5% of the neutrons are pro -duced by spallation. The spectrum of spallation neutrons may look different from the fission neutron spectrum, but adding a 2-5% spallation component to a fission spectrum makes no discernible difference.
Transmutation of Minor Actinides through a strong neutron flux.
Bowman [5] proposed using an accelerator to give (thermal) neutron fluxes of order 10 Pu. The former path (which is a net producer of neutrons) is more likely if the neutron flux is high, whereas the latter (which is a net consumer) dominates in low flux. 237 Np is a poison at low flux but a fuel at high flux.
Yet high flux reactors can be built without the use of an external accelerator -and most thorium ADSR designs have a low to moderate flux anyway, as a high flux destroys the intermediate 233 Pa nucleus -so this argument has no traction for most of the proposals being offered today.
Lack of Delayed Neutrons in the Fission of Minor Actinides
Delayed neutrons from fission products provide an essential margin of operation for a critical reactor. The fraction of neutrons which are delayed is small, of the order of a few per mille, and varies between fission nuclei. This fraction is smaller for the Minor Actinide nuclei than for the standard fuel nuclei [6] . This argument is often found in the motivation for the MYRRHA reactor, for example [7] "Critical reactors loaded with fuel containing large amounts of minor actinides pose safety problems caused by the unfavourable reactivity coefficients and small delayed neutron fractions."
and Westlen and Wallenius [8] conclude that their incinerator would be 'unsafe for critical operation.'
Yet the delayed-neutron fraction for 233 U is acceptable, and if this nucleus provides the bulk of the fissions it will provide enough delayed neutrons. Inclusion of small amounts of MA nuclei will not lower the average fraction significantly. The design considered as unsafe in [8] contained 35% Am, which is very high. This argument may apply if one plans a reactor basically fuelled by Minor Actinides, but does not prohibit the critical operation of a thorium core with a small MA admixture. The exact meaning of 'small' will depend on the details, but 10-20% seems reasonable and would give scope for the reactor to consume its own MA waste, with some capacity for transmuting waste from other reactors * . A similar argument applies to the reduced thermal broadening for MA nuclei.
*During the questions after the conference presentation, it was stated that a French report had concluded that it was unsafe to operate a critical reactor with an MA content above 3-4%. In the interval since then it has not proved possible to find this report and determine whether the figure is based on calculations or is just an estimate.
FUEL EVOLUTION IN A THORIUM BREEDER REACTOR

Stability Issues in a Breeder Reactor.
Consider the behaviour of an ideal thorium reactor. It would breed its own fuel, with fuel rods which are long-lived (needing replacement only after several years) as the conversion of 232 Th to 233 U compensates for the build-up of fission product poisons. A fast neutron spectrum will enable it to consume its own Minor Actinide waste, with perhaps some spare capacity to incinerate waste from other reactors. It should be load-following; a 21 st century power grid has to cope not only with fluctuations in consumer demand but also fluctuations in supply from wind and solar sources, and cannot use gas or other fossil-fuelled power stations to adjust the supply.
Following the arguments of section 2, let us suppose that a reactor can be designed, with both n f =1 and n b =1, without any external neutrons from an accelerator Conditions will change with time due to:
 Fuel evolution (a slow process)  Fuel changes (a major, but infrequent, process)  Differences in reactor power due to load following Power differences are coupled to the neutronics. How this happens is not trivial. Criticality ensures a constant power, but does not determine what that constant is. To (say) increase the power, the control rods are moved out, the neutron flux increases (with a manageable time lag, due to delayed neutrons) and the control rods are moved back in again. However after the reinsertion of the rods, although n b =1 ensures that U formed immediately after the change do so at the same rate as they did before. After a step increase in power, more fuel will be con -sumed than is being replaced, and the fuel concentration falls. This reduces the probability that a neutron will cause a fission tending to make n f fall. This will be compensated by a withdrawing of the control rods, decreasing n c . However the fact that fewer neutrons are being absorbed in the control rods means not only that n f will be boosted, as desired, but so will n b . Similarly, after a step decrease n b will fall. Stable operation requires that both n f and n b are kept on 1.0, but the operator only has one parameter -the control rods -to adjust. Keeping n f at exactly 1 is possible, but one cannot at the same time maintain the stability of n b .
There is negative feedback which ensures the instability does not diverge. If, say, the density of fuel nuclei fluctuates upwards this tends to increase n f . This is detected and countered -within the timescale of the delayed neutrons -by inserting the control rods which tends to reduce n c and reduces n b . So the rate of fuel breeding drops and the upward fluctuation is countered. But this feedback is slow due to the 27 day half-life in the fertile to fissile conversion. . We consider the variations due to fission, absorption and b-decay, in the fuel density r f , the density of the intermediate Pa state, r Pa , and the neutronics numbers n b and n c . For simplicity we ignore the changes in the density of thorium as it is consumed, and the effect of fission products. Using l=ln(2)/27 d -1
we have:
The control rods maintain a balance such that n f =1 at all times, hence Figure 2 shows the allied variation in n c , the fraction of neutrons lost. This starts at 0.5, as we take n=2.5 and n b =n f =1, and this is also the asymptotic value. However in the interim it falls to 0.2. To provide for this the control rods have to be withdrawn -which is only possible if they have enough scope. This figure makes the key point: static considerations suggest that the designer of the neutronics can allow 0.5 neutrons for inescapable losses plus the control rods, but consideration of the dynamics shows that the leeway is only 0.2 neutrons. Such a design will be difficult and very probably impossible,
The Viability of Breeder Reactors.
The above argument raised two questions. The first is that it appears to show that breeder reactors are impossible to operate -yet this is known not to be the case. (The breeder reactor programme has problems, but they are not apparently related to the cycles mentioned above.) Part of the answer is that the intermediate lifetime for 239 Np, the equivalent of 233 Pa in the uranium cycle, is only 2.4 days so the problem is less. More importantly, these breeder reactors ran with short-lived fuel rods, which were frequently moved out, on a time of months rather than years. The isotopic composition of the fuel is used as the second control parameter, with n b oscillating above and below 1.0, averaging out on the positive side with the surplus fissile isotopes being extracted for use elsewhere (which raises proliferation issues). By contrast, the rods of our ideal thorium reactor last for many years.
Similarly in a molten salt reactor in which the fuel cycles between a high-flux core and a low-flux blanket, the fuel composition can be varied by on-line chemical extraction. This provides the second knob for adjustment. But the MSR is not an easy option, and arguably brings as many problems as an accelerator.
Stability Issues in an ADSR
The second issue is whether the addition of an accelerator cures the instability problems, and if so how. There is no need to keep n f constant, let alone constant at 1.0, as the beam current can be adjusted to give the desired power. n b can be maintained at 1.0, if desired, using control rods. If the accelerator current increases the reactor will consume fuel faster than it is generated from the intervening Pa, so over time the current will require to be increased further, but this is not a problem. The worst that can happen if you run out of accelerator power is that the reactor cannot deliver as much power as desired, whereas if a critical reactor runs out of control rod reach it goes subcritical and stops.
CONCLUSIONS
ADSRs and thorium do have synergy, but the reason lies not in the static properties of the fuel but in the dynamic behaviour of a reactor. Stable running and breeding require two adjustable controls in response to changes in conditions, and without the accelerator the core is liable to exhibit large swings in reactivity which exceed the reach of the control rods.
